The electrolyte separation behaviour of a supported bi-layered ceramic membrane is investigated experimentally and the measured ion retentions are compared with the predictions of a site-binding transport model with no adjustable parameters. Due to the difference in iso-electric point between its two separating layers, the bi-layered system is expected to perform better over a large pH range compared with a membrane with only one type of selective layer. The separating layers in the membrane are a microporous silica and a mesoporous ␥-alumina (pore sizes of 0.8 and 2 nm, respectively) and their retention is studied for a binary electrolyte solution of NaCl at 1 mol/m 3 for pH values between 4 and 10.
Introduction
The last decade considerable progress has been made in understanding and predicting the ion separation of nanofiltration (NF) membranes. For the separation of salts from aqueous solutions using inorganic NF membranes consensus is that separation arises mainly from electrostatic interactions between ions and the charged membrane. A NF membrane performs ion separation best at pH values far from its iso-electric point (IEP), as this corresponds to a high membrane potential. Apart from the pH, the membrane potential and charge is also a strong function of the type of ions present in the electrolyte solution and their concentration [1] [2] [3] [4] [5] [6] [7] [8] [9] .
For titania, a now commonly used membrane material, the IEP is around 6 [6, 7] . As the pH of most aqueous electrolyte solutions (without any addition of acid or base) is also close to 6, titania membranes will perform very poorly in a practical application. In general, inorganic NF membranes suffer from this problem as their IEPs are close to pH 7 (cf. titania, but also zirconia (IEP ≈ 6) and ␥-alumina (IEP ≈ 8)). Additionally, in industrial applications one would like to use a membrane over a large pH range (e.g., to selectively remove differently charged species). In this case the membrane's IEP is often included in the operating pH range and consequently the membrane separation performance will be poor there.
A solution for both of these problems is to use a membrane consisting of a mixture of two materials with a different IEP. However, Elmarraki et al. [10] showed that this option may not be a viable alternative as one of the two materials in a mixed system can dominate the charging properties of the membrane layer (see Fig. 6 in their work). A more promising option could be to create a stack of layers of materials with a different IEP [11, 12] . In addition to the expected improved separation performance, This may also be a fast and effective way to reduce the exposure of any intermediate layers to harsh pH conditions (due to retention, the top layer can reduce the concentration of strong acid or base within the next layers) or, alternatively to prevent fouling of the membrane [13] .
It must be noted here that the separation performance of any membrane with one or more positive and negative layers can be significantly reduced by strongly adsorbing electrolytes that may nullify or reverse the charge on some of these layers. Such effects are well known for monopolar membranes but Elmarraki et al. [14] have also shown this for bilayered membranes.
The advantages of a two-layer NF membrane system were the incentive to conduct an investigation into the separation characteristics of these membranes. Adopting the extended Nernst-Planck equations Tsuru et al. [15] presented a thorough theoretical analysis of the retention behaviour of bilayered (bipolar) reverse osmosis membranes, showing the effects of flux, concentration and potential on their separation performance. They did however not discuss the effect of membrane charge on retention or compared their predictions to experimental data.
As the membrane charge is strongly dependent on the pH, in this work the electrolyte retention of a bilayered membrane is studied as a function of pH. The membrane used in this study consists of a silica and a ␥-alumina separating layer and its retention behaviour is studied for the monovalent electrolyte NaCl. The experimental data is compared with predictions of the model presented by De Lint and Benes [8] , which is extended to incorporate the charging effects of both separating layers.
Theory
In the model applied in this work [8] , the charge on nanofiltration membranes is determined by adsorption of protons and electrolyte ions on a fixed number of sites, c // tot . Adsorption is assumed to occur on a single type of surface site, M-OH −1/2 [16] , with M representing either alumina or silica. The exact surface structure of silica is not known but it is thought that its charging behaviour is fully dominated by Si-O − groups [17] . Here, for simplicity however we assume that alumina and silica have the same active surface site for adsorption, being M-OH −1/2 . On this surface site competitive adsorption of protons, cations (here Na + ) and anions (here Cl − ) takes place. In this work adsorption is described by the well-known 1 − pK site-binding model:
A label (s) in Eq. (1) is used to designate virtual non-adsorbed ions (e.g., H + ) with the same potential as their surface complexes (e.g., M-OH 2 +1/2 ). The corresponding equilibrium constants are: with c ref the thermodynamic reference concentration of 10 3 mol/m 3 (1 mol/dm 3 ). In the 1 − pK model the proton adsorption constant is equal to the point of zero charge, pH PZC = pK + The Boltzmann relation relates the concentration of virtual species to that in the bulk of the electrolyte.
In Eq. (3), γ i , is the bulk activity coefficient of species i; b denotes the bulk (φ b ≡ 0), z i , the charge number; F, the constant of Faraday; R, the ideal gas constant; T, the temperature, and φ s , the potential of the virtual species c s i . In this work we assume a thermodynamically ideal solution that is γ i ≡ 1.
To describe the variation of the potential φ and charge σ away from the membrane pore surface a triple-layer model (see Fig. 1 ) is adopted [16] , consisting of the surface or 0-plane, the 1-plane or inner Helmholtz plane (IHP), the 2-plane or outer Helmholtz plane (OHP) and a layer with diffuse charge (σ d ). Adsorbed protons are located at the 0-plane while electrolyte adsorption occurs on the 1-plane. The electrostatic expressions for the charge σ p at the planes for the triple-layer model are:
In this work, the location of the shear or zeta potential plane, ζ, is assumed to be located near the OHP, but is a function of the electrolyte concentration (see [16] ). Due to double layer overlap, the radial potential in the diffuse part of the double layer can be assumed constant. This assumption of zero radial potential gradient is referred to as the uniform potential approach and results in a diffuse double layer charge σ d given by where a is the membrane pore radius (assuming cylindrical pores), x i is the molar fraction of species i, and c is the total concentration. A crucial point in properly linking the charging properties to the transport behaviour in our NF model is the effect of charge regulation. This concept, describing the variation of double layer charge and potential as charged surfaces approach each other (e.g., [18, 19] ), allows the use of (zeta) potential and (surface) charge data of particles in dilute electrolyte solutions for the prediction of the charging properties in NF membrane pores with double layer overlap [16] .
For the description of transport in this work the Maxwell-Stefan relations in one-dimension (the direction of flow, z, see Fig. 2) are used:
withV i the molar volumes, z i the charge number, H c i a correction factor for convective transport, v the convective velocity, N i are the species' fluxes, and Ð eff ij are the effective Maxwell-Stefan diffusion coefficients. In the model the solvent and solute activity coefficients are assumed unity and radial pore potential gradients are neglected [5, 8] . For the pore sizes used in this study (<2 nm) this uniform potential approach can be confidently used (see Fig. 9b in [5] ). Other major assumptions in the model include: isothermal dead-end filtration system, cylindrical membrane pores, steady state (dN i /dz = 0), external mass transport represented by a stagnant film of 10 m thickness. For a detailed description and derivation of Eq. (8), the reader is referred to [8] .
For our bi-layered membrane there are three interfaces (see Fig. 2 ): the feed/silica interface, the silica/␥-alumina interface and the ␥-alumina/support interface. At all these interfaces we assume local thermodynamic equilibrium.
where the superscripts (+) and (−) denote locations just inside and outside the interface, respectively, and the term h i , accounts for steric hindrance effects. Some additional relations are needed to complete our model description but here only the key equations are given here. For amore detailed description of the model the reader is referred to [8] .
Electroneutrality must hold everywhere in the system.
The boundary conditions are considered at the feed and the permeate. The feed concentrations, pressure and potential are fixed. In the permeate 'e', the concentrations are related to the fluxes,
The pressure at the permeate 'e' side is atmospheric. The boundary condition for the permeate potential is provided by the electroneutrality equation, Eq. (10). It can be shown (see [8] ) using Eqs. (10) and (11) that the zero-current relation is implicitly accounted for in this model. The model equations are solved for the molar fractions x i , the uniform pore potential φ, and the pressure p in both separating layers of the membrane as well as in the support. Only in both separating layers the charge regulation expressions are used to calculate the radial potentials (φ 0 , φ 1 ) and charge (σ 0 , σ 1 ) in the double layer (when employing the triple-layer model). The molar fluxes N i the pressure in the support p s , and the permeate potential φ e are the other variables in the model. The model is implemented in the mathematical software programme Maple (Waterloo Maple, Ont., Canada) and is freely available at: http://www.ims.tnw.utwente.nl/publication/downloads.
Effect of two separating layers on ion retention
The main idea of applying a bi-layered NF membrane with separating layers featuring a different iso-electric point (IEP) is that such a system will perform better over a large pH range compared to a membrane with only one IEP. To show this characteristic, in Fig. 3 the transport model is applied to calculate the effect of a bi-layered system on the retention of NaCl (for clarity only the Na + retention is shown). The selective membrane layers have identical material and adsorption properties, except for their different IEP, which are chosen arbitrarily. For the top layer IEP = 5.0 and for the second separating layer IEP = 8.3, as for ␥-alumina. The achieved separation is compared to two monolayer membrane systems (having only one IEP), one with IEP = 5.0 and one with IEP = 8.3, respectively. The thickness of the separating layer in the monolayer systems is identical to the total thickness of the selective layers in the bipolar membrane.
The retention behaviour of the membranes with only one IEP in Fig. 3 is already explained in detail in many papers in the open literature. The general trend is a high retention far away from the IEP and zero retention at the IEP (the retention of a few percent at the IEP in Fig. 3 is caused by size exclusion). Table 2 ). Adsorption data for ␥-alumina (except for the IEP) is used in the model calculations (see Table 1 ).
As expected, for the bi-layered membrane the separation performance is relatively constant: the retention of the two-layer system over the whole pH range varies between 60 and 80%. At the IEPs of the respective layers, R ≈ 80%, and this is a significant improvement compared to the performance of a monolayer membrane. There is, however, a small trade-off, because in the bi-layered system both layers contribute to retention, the overall retention is lower than that of a single material at a pH far removed from the IEP (e.g., at pH 4, R ≈ 90% for the monolayer material with IEP = 8.3 while R ≈ 80% for the bi-layered system).
Experimental

Membrane materials
Ceramic membranes, consisting of a silica and ␥-alumina layer on top of an ␣-alumina support were prepared using sol-gel techniques. The ␣-alumina supports were prepared by filtering stabilised suspensions of AKP15 powder (Sumitomo Chemicals Ltd.) and consecutive sintering at 1150 • C. One layer of boehmite sol was applied on the support by dip-coating, resulting, after sintering at 600 • C, in the ␥-alumina top layer. A more detailed description of the synthesis route for ␥-alumina membranes has been reported elsewhere [20] [21] [22] [23] . For the preparation of the silica membrane top layer a method reported by McCool et al. [24] was used. They describe the synthesis of a threedimensional meso-porous cubic silica (MCM-48) membrane using a templating technique.
Determination of membrane charging behaviour
To access the charging properties of the membrane, electrophoretic mobility and potentiometric titration measurements were conducted. For these experiments the separating membrane layers were made as unsupported films, following the same preparation method as for the supported layers. Those films were then ground and suspended in 1, 10 and 100 mol/m 3 electrolyte solutions of NaCl at various pH. A detailed description of the preparation procedure of the solutions for the electrophoresis experiments is given elsewhere [9] . The potentiometric titration experiments were performed at the Physical Chemistry and Colloid Science Group of the University of Wageningen. A more detailed description of the techniques used for the determination of the membrane charging behaviour is given in Appendix A.
Water permeation
Assuming cylindrical pores, the (hydrodynamic) pore sizes of the separating layers can be determined by measuring the ultra-pure water flux. For ␥-alumina this method has already been used previously and a pore size of 2.0 nm was obtained [9] . An explanation of this procedure is described in Appendix A.
Retention experiments
The ion retention experiments were performed at 25 ± 1 • C on a dead-end permeation set-up with a volume of 2 dm 3 under rapid stirring [9] . The retention experiments were conducted with aqueous solutions of 1 mol/m 3 NaCl at various pH. The pH was adjusted using 0.25 mol/m 3 NaOH and HCl.
During each pH experiment permeate samples were collected at a pressure difference of 1.8 MPa. The ion concentrations in the feed and permeate were determined with an ion-chromatograph (Dionex DX120). A period of 1 h was used to allow both the flux and the permeate retention to reach steady state. During this equilibration period, the permeate conductivity and flux were continuously monitored to assure that a steady-state situation had been reached.
Results and discussion
Membrane materials
In Fig. 4 a SEM micrograph of the ceramic membranes used for this study is shown. Contrary to the reports of McCool et al. [24] , we did not obtain a meso-porous structure for the silica top layer. Instead, water permeation measurements showed that our silica had an average pore size in the micro-porous domain, slightly larger than that of non-templated silica. Also, XRD results (not shown) did not show any 3D cubic structure. Therefore, although the precise micro structure of the membrane top layer is unknown, in the remainder of this paper it will be referred to as micro-porous silica.
The thickness of the layers for the membrane used in this study was 1.9 mm for the support, 1.3 m for the ␥-alumina [25] and 0.4 m for the silica. The thickness of the silica layer was obtained from SEM data. Table 1 Adsorption properties for NaCl on ␥-alumina and silica Adsorption parameters ␥-alumina [16] log (K + ) = 8.3, log (K Na ) = log (K Cl ) = −0.7, C 1 = 1. 
Comparison of measured and calculated retention
In this section, the experimentally determined retention of 1 mol/m 3 NaCl through a supported bi-layered silica/␥-alumina membrane as a function of pH is compared to the predictions obtained with our transport model [8] . The adsorption and material data used in the model calculations are given in Tables 1 and 2, respectively. This data was obtained using several experimental techniques. Their results and interpretation are explained in Appendix A.
The variation in the feed pH displayed in Table 2 was determined by measuring the pH at the beginning and the end of every retention experiment. The average of these two pH values was then used for the model calculations.
The results of the experimental and model retention are shown in Fig. 5 . The measured retention of NaCl is high, between 90 and 100 ± 5%, over the whole pH range. The data for 4 < pH < 9 indicate that the chloride retention is constantly about 5% higher than that of sodium.
The experimental results in Fig. 5 clearly indicate that separation performance of the bi-layered membrane is considerably better than for systems with only a ␥-alumina layer. For ␥alumina membranes NaCl retentions of about 40% at pH ≈ 9.5 were reported (at 1.6 MPa, see [9] ) while in the bi-layered system R ≈ 95% in the alkaline region. This higher retention of the silica/␥-alumina system stems of course partly from the fact that the pore size of the silica layer is twice as small as that of the ␥-alumina, but is also a direct result from the high (negative) membrane charge of the silica at neutral and alkaline pH. The high overall retention comes with a price however. The flux through the bi-layered system is about 10 times lower than that of a supported membrane with only a ␥-alumina layer (see [9] ).
The solid lines in Fig. 5 show the retention predictions using the transport model. For Na + at pH values between 4 and 9 and for Cl − in the entire pH range the model retention predictions are in good agreement with the measurements (that is, within the experimental error in retention of 5%). For a pH of 4, however, the predicted chloride retention is lower than the sodium retention, in contrast with the experimental data. [9] 0.09 [9] 197 ± 30 [9] a Retention experiments performed in this order. Given pH deviations are variations between feed and retentate pH. In the table headings, ϕ and τ are the porosity and tortuosity of the respective layers and 2a denotes the average pore size.
At alkaline pH, both layers in the bi-layered system are negatively charged (IEP silica = 2.0 and IEP ␥-alumina = 8.3) and therefore a lower sodium than chloride retention is expected because of the presence of highly mobile hydroxyl ions. The OH − ions enhance the transport of sodium and hence reduce its retention. Both the experimental and the model results show this expected effect. However, the model predictions for sodium are a long way off from the measurements at pH 10. Where experimentally R Na = 93% is found, the model predicts a retention of 58%. It is not clear what causes this large discrepancy but it is believed that its effect originates from structural changes in the silica [26] and concurrently it may also be that the parameters used to model the charging of silica (see Appendix A) are not valid anymore at such high pH values. The effect of structural changes will be discussed further in the following section on the membrane's pH stability.
In order to further understand the difference between the experimental data and the model predictions it is important to determine what the effect of both membrane separation layers is on the retention in different pH regions. To illustrate this, the contribution of the individual separating layers in the bi-layered system to the chloride retention as calculated with the model is shown in Fig. 6 . It shows that for pH > 6 the membrane retention is completely determined by the silica layer. Therefore, the difference between the experimental and model retention in the alkaline pH region that we see in Fig. 5 points to an incomplete description of the silica layer by the model.
At pH < 6, Fig. 6 indicates that the ␥-alumina layer starts to contribute significantly to the overall NaCl retention. At these acidic pH values, the model predicts a lower retention for chloride than for sodium ( Fig. 5 ). The reason for this result is the increased contribution of the ␥-alumina to the overall model membrane retention coupled to the increased concentration of highly mobile protons. The experimental results, however, show instead a higher chloride retention at acidic pH. As in a system with only a silica layer at low pH (negatively charged membrane) the chloride retention is higher than that of sodium (because of the direction of the axial electric field), the experimental results indicate that even at low pH the silica layer dominates the retention of the membrane.
The analysis above shows that to describe the retention of a bi-layer NF membrane in a quantitative manner, it is important to accurately know the material (structure) properties of the individual layers. Because of the difficulty in determining the material parameters of the silica, the accurate prediction of the bi-layer retention over the entire pH region is hampered. Since an additional downside of the use of micro-porous silica material is its low trans-membrane flux, our aim for the future is to replace the silica top layer with a meso-porous titania layer, as titania can be much easier characterised and its meso-porous structure will result in a considerably higher flux.
Effect of solvent pore viscosity on retention
It is known that in confined geometries the viscosity of water µ pore is higher than that in a bulk solution µ bulk [27] [28] [29] [30] [31] . Andrade and Dodd [32, 33] give an estimation of µ pore as a function of the radial electric field E, µ pore = µ bulk (fE 2 + 1).
For water, Lyklema [29] estimated the constant f to be 10.2 × 10 −16 m 2 /V 2 . Eq. (12) indicates that as the radial electric field increases the pore viscosity decreases. When Eq. (12) is used to calculate the viscosity in the silica pores of the bi-layered membrane it is found that the pore viscosity increases with increasing pH. This is simply because the silica pore potential (and thus the electric field) increases with increasing pH. The experimentally measured flux through the membrane during the retention experiments, however, shows an increased flux with increasing pH (Fig. 7) , contrary to the trend predicted by Eq. (12) . This experimental result therefore indicates that probably the viscosity in the membrane pores is not any different from its bulk value, and therefore throughout this study whenever convective transport had to be considered, the bulk viscosity (0.9 mPa s) was used.
Membrane pH stability
In previous work [9] it was already concluded that the stable pH range for ␥-alumina was 4 < pH < 10. Therefore in this section the focus is only on the pH stability of the silica membrane top layer.
The observed effect in Fig. 7 of increasing flux with increasing pH could be due to a poor alkaline stability of the silica membrane. If this is the case, it could lead to dissolution of the top layer, resulting in an increase in the silica pore size and/or a reduction of the silica layer thickness. In literature it has been reported that some silicas prepared by templating techniques are stable for pH < 5.4 [26] . However, for another MCM-48 silica Nishiyama et al. [34] reported a stability up to pH 9. This ambivalence in the literature data seems to indicate that the pH stability of templated silicas is dependent on their preparation history.
We believe that the specific templated silica used in this study was stable for 4 < pH < 10. This conclusion is based on the experimental results of the ultra pure water flux before and after the retention experiments, displayed in Fig. 8 . Although Fig. 7 indicates that the flux through the silica layer is a strong function of pH, Fig. 8 shows that this pH effect is reversible as that the water flux after the retention experiments is the same (within experimental error) as the initial ultra pure water flux. Therefore, the effect of pH from the retention experiments on the structural properties (that is, the pore size and layer thickness) of the silica layer was negligible on the time scale of our measurements. Apart from dissolution of the silica layer the change in flux with pH of Fig. 7 might also be due to a change in morphology of the templated silica material. Such structural changes were reported by Doyle and Hodnett [26] . They showed that MCM-48 changed its pore diameter in acidic conditions (pH < 5.4) by ≈20%. Using X-ray diffraction, they observed that the MCM-48 structure disappeared altogether at pH 6.9. Further transformations occurred at pH > 9.1. If the templated silica in our study exhibited such structural changes, they were apparently reversible (cf. Fig. 8 ) or had a minor influence on the transport properties in the silica layer of the membrane.
Influence of model input parameters on predicted overall retention
Apart from a physical origin, the discrepancy observed at alkaline pH between the experimentally measured sodium retention in Fig. 5 and the predicted model values can be due to errors in the input parameters used to describe the silica layer in the model. In order to establish whether this is the case a sensitivity analysis was performed on some of the key model input parameters for this layer, being its charging characteristics (K Na Si = K Cl Si , C 1 Si , C 2 Si ), pore size (2a Si ) and permeability (B Si 0 ). Their impact on the overall membrane retention predictions at pH 10.2 compared with the predictions shown in Fig. 5 are discussed below.
The adsorption parameters for silica were varied by ±50% of their base case value (e.g., log (K Na ) = −4.0 ± 2.0). This large variation, however, only resulted in a change of the overall NaCl retention of less than 1% at pH 10.2. Clearly, the retention is not very sensitive to the values of the adsorption constants in this pH region, which can be explained from the very high (zeta) potential on the silica layer. Fig. 10 shows that the zeta potential at pH 10.2 is around −80 mV (in the silica pores the uniform potential is −184 mV) and the exclusion from chloride from the membrane is therefore almost complete. Even a significant variation in the silica adsorption parameters cannot change this situation (cf. also [9] for the case of Ca 2+ ions). The deviation between the observed and predicted retention at alkaline pH in Fig. 5 can therefore not be amended by changing the model's adsorption parameters.
Changing the flux through the bi-layered membrane by varying the permeability of the silica layer has a more significant impact on the predicted overall retention. Fig. 7 indicates that at high pH a 10-12 times higher flux is obtained. If B Si 0 is increased by a factor of 10, while keeping the pore size at 0.8 nm, the overall retention of chloride ions changes by <1%. The Na + retention, however, decreases by 15%. That is to be expected as the extra electrical field that is set up to prevent the transport of mobile charges in the membrane as a result of the increased flux favours the transport of co-ions through the system, thereby reducing the retention of sodium. To obtain a better agreement between the predicted and experimental retention we would therefore have to reduce the silica permeability, but this is in conflict with the experimental data in Fig. 7 .
A change of the silica pore size, while keeping the permeability constant, will influence the membrane retention by means of steric hindrance. A pore size variation of 50% was investigated. For 2a Si = 1.2 nm the change in the sodium and chloride retention change at pH 10.2 was within the numerical accuracy of the model (that is <2%). When 2a si was decreased to 0.4 nm, however, R Na decreased by 46% (R Cl remained fairly unchanged). This can be understood by considering the competition between chloride and hydroxyl ion exclusion in the silica pore. For a smaller pore size the ratio of x Cl − /x OH − will increase as the much smaller hydroxyl ions can still more easily enter the pores. As OH − is more mobile than Cl − , the trans-layer axial potential gradient will be smaller, thereby decreasing the sodium retention.
If it would be assumed that the increase in permeability observed at alkaline pH (see Fig. 7 ) is solely due to an increase in the silica pore size, both B Si 0 and 2a Si would have to be increased in the model. By setting B Si 0 = 1.7 × 10 −20 and 2a Si = 1.2 nm (in keeping with the results in Fig. 7) the Na + retention at pH 10.2 increased by 9%, while R Cl decreased by 4%. By making these adjustments in the model parameters, the model predictions are indeed in better agreement with the experimental data. However, the agreement is still poor and further improving it would mean that the model parameters would have to be set to physically unrealistic values.
Conclusions
The retention behaviour of supported bi-layered membranes for 1 mol/m 3 NaCl as a function of pH is determined experimentally and compared with the results of a predictive transport model. In general the model calculations agree well with the experimental data. At the extreme pH of 10 the sodium retention prediction is poor. The observed effect may be due to the uncertainty in the model's structure and charging parameters of the (templated) silica layer. To test if reducing this uncertainty in the model parameters will lead to a better agreement between the predicted and experimentally observed retention for a bi-layered membrane, in a future study the micro-porous silica layer will be replaced by a meso-porous titania that can be characterised much better and, additionally, will have a significantly higher flux.
If the thickness L and permeability of the support B s 0 and the ␥-layer B γ 0 are known (see Table 2 ), the silica permeability B Si 0 can be calculated from the slope Fig. 7 shows the relation between the volume flux and pressure difference for the silica/␥-alumina/␣alumina membrane. Using this data the silica permeability was calculated to be 1.7 × 10 −21 m 2 .
Benes et al. [25] determined a porosity ϕ of 15-25% for silica using spectroscopic ellipsometry. In this work we have used the value ϕ = 25%. Assuming a tortuosity τ of the silica layer of 3, equal to that of ␥-alumina (see [9] ), the pore size of the silica layer was determined to be 0.8 nm.
A.2. Determination of membrane charging behaviour
To extract the adsorption parameters (K + , K Na , K Cl , C 1 , C 2 and c // tot ) from zeta potential data alone using the 1 − pK triple layer (TL) model (see Section 2) may lead to ambiguous results because these parameters are strongly correlated [35] . Therefore we have combined information on the zeta potential with that of the surface charge and also experimental and literature data to fix some of the adsorption parameters in our work.
The surface charge σ 0 can be directly measured using potentiometric titration. In such an experiment, the templated silica is ground into particles, which are suspended in the desired electrolyte solution. The surface charge is then determined by the difference between the amounts of protons that produce a given pH in the silica suspension and the same pH in a blank sample (without silica) with only the electrolyte (here 1 mol/m 3 NaCl) present. For the determination of σ 0 , 0.48 g of silica (specific surface area 492.65 m 2 /g) was added to 53.5 ml of demineralised water. Next, small amounts of 500 mol/m 3 of HCl were added from a buret and the pH of the suspension was recorded. After each addition of acid the suspension was left until equilibrium had been reached (i.e. no change in the supension's pH was observed). The point of zero charge of silica is only reached at low pH. In this region the electrolyte solution is not thermodynamically ideal (␥ i = 1). Therefore, in the calculations of the surface charge the Davies relation (see Eq. (16) in [8] ) was used to calculate the activity coefficients of the protons.
In Fig. 9 , the surface charge of silica is given as a function of pH for 1 mol/m 3 NaCl. The data show a point of zero charge (PZC) at pH 2.0. The value of the PZC in this work is close to that of Bolt [36] and Tadros and Lyklema [37] , who obtained pH PZC 2.5-3.0. The surface charge should reach its PZC in an asymptotic manner (cf. the shape of the experimental data in [36, 37] ) and this is clearly not the case in our titration measurements. This is because the σ 0 data for pH < 3 in Fig. 9 have a high measurement uncertainty. One of the reasons for this high measurement error is the large amount of acid that has to be added to achieve a pH below 3. A small error in the determination of the amount of added H + will have a large impact on the calculated value of σ 0 . The solid line in Fig. 9 shows the 1 − pK TL model fit. A detailed description of the fitting of the adsorption parameters is given elsewhere [16] . Below we will briefly mention the important features for the fitting procedure. The total number of sites on the silica surface, c // tot , was fixed at 8 sites/nm 2 using literature data [17] . Although there is some evidence suggesting that chloride adsorbs preferentially on silica [37] this effect, if present (see [36] ), will be small. In this study NaCl is therefore assumed to act as an indifferent electrolyte. As a result of this, the adsorption constants for Na + and Cl − were set equal in the fitting procedure (K Na = K Cl ).
Because of the indifferent adsorption of NaCl it holds that −log (K + ) = pH PZC = pH IEP (with IEP and PZC the iso-electric point and point of zero charge of the material, respectively). Hence, during the fitting log (K + ) was kept fixed at 2.0 (see Table 2 ), in agreement with the experimental evidence for the surface charge and zeta potential (see next section). Hence, the three parameters that had to be determined were K Na , K Cl (with K Na = K Cl ), and the Helmholtz capacities C 1 and C 2 (see Table 1 ). Two data sets were used for the determination of the adsorption parameters: the 0 -pH and the -pH data (see Fig. 10 ) at 1 mol/m 3 NaCl.
A.3. Zeta potential
The zeta potential of the silica material is obtained by electrophoresis [16] . The measured electrophoretic mobility of the silica membrane particles is converted into a zeta potential using the model proposed by O'Brien and White [38] .
The measured zeta potentials and their fits with the 1 − pK TL model are displayed in Fig. 10 (the adsorption parameters were determined using only the -pH data for 1 mol/m 3 NaCl). The experimental data show an iso-electric point at pH 2.0 ± 0.5. With increasing concentration the zeta potential is expected to decrease. For pH > pH IEP our experiments show this behaviour but at pH ≤ 2.5, however, the zeta potentials at 10 mol/m 3 lie Fig. 10 . Zeta-potential of silica as function of pH for NaCl solutions of 1 mol/m (squares), 10 mol/m 3 (triangles), and 100 mol/m 3 (circles). Solid lines are model calculations of the 1 − pK triple-layer model. The ζ-plane was located at 1␥ 1 (1 mol/m 3 ), 0.98␥ 1 (10 mol/m 3 ) and 0.96␥ 1 (100 mol/m 3 ) of the outer Helmholtz plane [16] .
below that of 100 mol/m 3 It not clear what causes this deviation in ζ at 10 mol/m 3 .
